Introduction
Study on impurity behavior is critically important in fusion research since impurity can cause fuel dilution and radiation loss in the plasma. Spectroscopy diagnostics are a unique tool for monitoring impurity content [1] [2] [3] [4] and studying impurity transport [5] [6] [7] in fusion devices. In general, the vacuum ultraviolet (VUV) spectroscopy is used to measure the impurity line emissions at the plasma edge where the electron temperature T e is low (300 eV), while the extreme ultraviolet (EUV) spectroscopy is applied in the plasma core where the T e is relatively high (300 eV). Some plasma parameters, such as ion temperature T i , plasma rotation velocity V p and electron temperature T e can be also obtained by measuring impurity line emissions with those spectrometers. For the purpose, a VUV spectrometer working in the wavelength range of 300-3200 Å [3] and two EUV spectrometers working in the wavelength range of 30-500 Å have been developed in the HL-2A tokamak [8, 9] . The spectral resolution is 0.15 Å in the wavelength range of 400-2000 Å for the VUV system and 0.22 Å at wavelength λ=200 Å for the EUV systems. The VUV spectrometer and one of the EUV spectrometers can even measure the radial profiles of impurity line emissions by using a space-resolved slit, which is located between the entrance slit and grating in the VUV system and at the position of entrance slit in the EUV system. Excellent spatial resolutions of 2 mm and 12 mm are obtained for the VUV and EUV spectrometers, respectively. Based on the measurement of the radial profiles of impurity line emissions, a lot of studies, particular in impurity transport, have been carried out in the HL-2A tokamak [10, 11] . The spectrometers developed in the HL-2A device are similar with those in the Large Helical Device (LHD), where a 3-meter focal length VUV and several EUV spectrometers have been developed. The radial profiles of impurity line emission in the wavelength range of 30-2000 Å can be obtained [12, 13] and studies on impurity transport have also been carried out in the LHD [14, 15] .
On the other hand, the diagnostics with fast time response are strongly required for impurity studies during fast events, such as impurity injections with laser bow-off (LBO) technique and edge localized modes (ELMs) in the H-mode plasmas, which is chosen as the reference scenario of operations in the International Thermonuclear Experimental Reactor (ITER) because of its excellent property of energy confinement to maintain the high-temperature and high-density burning plasmas. In HL-2A, the timescale of impurity penetration is several milliseconds with LBO injection and the frequency of ELM bursts is hundreds of Hz [16] . However, the time resolution of the VUV and EUV spectrometers with using the back-illuminated charge coupled devices (CCD) as detectors are 6 ms when the spectra are measured and 100 ms when the vertical profiles of impurity line emissions are measured, respectively. It is hard to study the time behaviors of impurities during those fast events with the present VUV and EUV spectrometers in HL-2A. Therefore, a 20 cm focal length VUV monochromator equipped with a channel electron multiplier (CEM) detector is then developed in HL-2A to measure line emissions from the low ionized impurity ions at the plasma edge. The CEM detector with high gain factor for measuring the VUV light is adopted. In order to install the detector at the exit slit flange of the monochromator, a support of the CEM is dedicatedly designed. Spectral resolution and the time resolution of the new VUV spectroscopic system are 0.5 Å and 17 μs, respectively.
The paper is arranged as follows. The system is described in section 2. Wavelength calibrations are presented in section 3 and the preliminary results are shown in section 4. Finally, summary and outlook are addressed in section 5.
High-speed VUV system in HL-2A tokamak
The HL-2A tokamak is a double-null divertor tokamak with a major radius of R=165 cm and a minor radius of a=40 cm. In general, the discharge operation is performed at a toroidal magnetic field of B t =1.2-2.4 T and a plasma current of I p =150-480 kA. The central line-averaged electron density and temperature for the typical ohmic discharges are about 1-3×10 13 cm −3 and 1 keV, respectively [9] . A schematic view of the HL-2A device combined with the 20 cm normal incidence VUV monochromator system (VUV_20 cm) is illustrated in figure 1 .
The VUV monochromator (McPHERSON, Model: 234/ 302) is installed at the mid-plane diagnostic port with diameter f=63 mm in HL-2A. A gate valve is installed in front of the entrance slit to avoid the HL-2A vacuum chamber Al-MgF 2 coating is used and the size of the grating is 40×45 mm 2 . The aperture is f/4.5. The width of both entrance and exit slits can be adjusted from 0 to 3 mm. The grating can be manually rotated through a knob. The corresponding wavelength at the exit slit is indicated by a counter with dial number. The counter is connected to a drive system which is used to control the grating. A CEM (SJUTS, Model: KBL210) is installed at the flange of the exit slit. A circuit is designed for the data acquisition. A schematic diagram of detector assembly and data acquisition circuit is shown in figure 2 .
As shown in figure 2(a) , the CEM is fixed to a plastic support and connected to the flange of the exit slit by a transit pipe. In order to put the CEM just in front of the exit slit port, the transit pipe is precisely designed for the monochromator of Model 234/302. There is a rubber O-ring seal between the transit pipe and the exit flange, while a copper gasket seal is applied between the transit pipe and the CEM support assembly. By using three metal electrodes, which are located outside the vacuum chamber, the electric power is supplied to the CEM by a power supply (Stanford Research Systems, Inc. Model: PS350). Since the voltage up to 3 kV between bias anodes is sometimes needed, a copper cover has been designed to protect the electrodes from the attachment. The method to avoid electromagnetic interferences during the plasma discharges is also adopted when the shielding cover is designed. A threshold value of the current is set at the power supply to avoid high current suddenly being added to the CEM. Since an incidence photon can produce about 10 8 electrons through an avalanching process in the CEM, weak signals can be effectively amplified. High efficiency is then obtained in the wavelength range of 300-1200 Å, at which most impurity line emissions from the plasma edge are located. In the first use of the VUV_20 cm system, the sampling frequency is 60 kHz. The data is transferred to the HL-2A database.
Wavelength calibration with hollow cathode light source
Since the CEM is used as the detector in the VUV_20 cm system, wavelength calibration is highly necessary before the system is applied to the HL-2A experiments. The calibration is carried out with a hollow cathode light source in the laboratory. Arrangement of the system for calibration is illustrated in figure 3 .
A discharge is continuously performed in the light source with the gas pressure of (4-4.5)×10
−1 Torr for helium and (2-3)×10 −1 Torr for argon. A water cooling system is adopted when the source is working. The output voltage of the CEM has been monitored by an oscilloscope. The value displayed on the screen of the oscilloscope is changed when the grating is rotated and the wavelength at the exit slit varies across a spectral line. By plotting the measured intensity of the spectral line as a function of the dial number in the counter with which the wavelength at the exit slit is recorded, a profile of the spectral line is obtained, as shown in figure 4 , where the profile of HeII (1s 2 S 1/2 -2p 2 P 0 3/2 , 303.78 Å) is presented. The open circles denote the measured data and the solid lines represents the Gaussian fitting. It is shown that the profile of HeII can be recorded with more than 3 data points and the intensity at the top of the profile is very strong (about 3.5 V). In this case, the attenuator coefficient is set to be 1. The background intensity level is about 6 mV. The result indicates that the measured signals is qualified for the wavelength calibration and optical property analysis of the VUV_20 cm system. By scanning the dial number from 500 to 3000, typical spectral lines of helium and argon in the VUV wavelength range are obtained. The corresponding wavelength for each spectral line is retrieved from the database of National Institute of Standards and Technology (NIST). The identified spectral line emissions of helium and argon are listed in tables 1 and 2, respectively.
The intensities of most measured helium and argon lines are stronger than 1 V. Compared to the background signal level (6 mV), the signal-to-noise ratio is high enough. This is mainly contributed from the monochromator with blackened inner surface and CEM with high amplification.
The calibration result is presented in figure 5 , where the wavelength of the spectral lines shown in tables 1 and 2 are plotted as a function of dial number. Then, the equation of y=0.496x+6.622 can be obtained by fitting the data with coefficient of determination R 2 =0.9999. After wavelength calibration has been done, the optical property of the VUV_20 cm system is analyzed. HeII (303.78 Å) with strong intensity and without other lines nearby [17] is used for the examination. The peak positions and the full width at half maximum (FWHM) of the spectral profile are determined by applying the Gaussian fitting to the measured data, as shown in figure 4 . With fixing the widths of the entrance slit or exit slit, the profile of HeII can be obtained by adjusting the grating around the wavelength between 302-305 Å. The tendency of the peak positions are plotted as a function of the width of entrance slit in figure 6(a) and exit slit in figure 6(b) , respectively.
As seen in figure 6 (a) and (b), the dependences of the peak position on the entrance slit width and on the exit slit width are quite different. The wavelength (dial number) at the profile peak remains almost constant when the entrance slit width increase for the two fixed exit slit widths, but it obviously shifts towards the short wavelength range when the exit slit width changes from 10 μm to 30 μm in figure 6(a) . In contrary, the wavelength at the profile peak decreases when the exit slit width increases, as shown in figure 6(b) . Two curves with different width of entrance slit are close to each other. The trend of the peak position changes with the exit slit width in figure 6(b) is the same with that shown in figure 6(a) . This result indicates that the exit slit width is important to determine the peak position of a spectral line emission since it just picks up a part of the spectral profile at the focal image.
When the exit slit become wider the whole profile with the right peak position could be obtained.
On the other hand, the entrance slit width is the key parameter to determine the spectral resolution of the VUV_20 cm system. The FWHM of the HeII profile is plotted as a function of the entrance slit width in figure 7 . The exit slit width is fixed to 40 μm.
Seeing in figure 7 , the FWHMs increase dramatically with the width of entrance slit in the range of 10-150 μm while almost keep constant in the range of 150-200 μm. The result demonstrates that the entrance slit is of great importance to determine the spectral resolution of a monochromator.
Preliminary results from HL-2A experiments
The VUV_20 cm system is installed at a mid-plane port of the HL-2A tokamak. The performance of VUV_20 cm system has been checked by measuring the intensity of impurity line emission in HL-2A plasma. In its first use on the HL-2A tokamak, the frequency of the data acquisition is 60 kHz. The attenuator with different attenuation coefficients C is applied once the signal intensity is higher than 10 V and the value of C is always presented in the figures thereafter.
Some typical impurity line emissions from the HL-2A plasmas are measured. In figure 8 , time traces of CIII (1s The corresponding discharge number and attenuation coefficient C are given in each panel. When C is less than 1, the intensity of the signal is reduced otherwise it may saturate. As shown in figure 8(b) , the intensity of CIV is decreased with C=0.8. In order to check the stray lines from the plasmas, the background emission level is also checked in the experiment. It is about 50 mV at 498 Å, 30 mV at ∼990 Å and 40 mV at ∼1402 Å. Impurity line emissions are not visible at the three wavelength positions. Compared to the line emission signal with magnitude of V, the stray light level from the HL-2A plasmas is small. In figures 8(a) and (b), the increase of the signals during the time period of 0.6-1.2 s are mainly due to the neutral beam injection (NBI). There is no additional heating power being applied to the discharge in figure 8(c) . In addition, the lower hybrid wave (LHW) is launched during the time period of 0.8-0.95 s in figure 8(a) . The CIII intensity then becomes about four times larger than that without NBI and LHW. With the fast time resolution of the VUV_20 cm system, some spikes can be clearly seen from CIV (1548 Å) in figure 8(b) . The silicon line (SiIV, 1394 Å) in figure 8(c) is introduced by the wall conditioning of siliconization.
Some line pairs with the same ground state are measured. In figure 9 , two sets of OVI pair (1s Since the time resolution of the present VUV_20 cm system is 17 μs, measurements of impurity line emissions during some fast events such as the ELMs in the H-mode discharge are possible. The result is shown in figure 10 , where the comparison of the deuterium lines in the visible range The attenuator with coefficient of C1 is always adopted in the data acquisition process when the system is operated in the HL-2A experiment campaign. The working parameters (widths of entrance and exit slits, CEM voltage) of the system are also changed in the experiment. It makes the comparison of signal intensities among different impurity line emission more difficult. The relatively intensity of the spectra will be calibrated by taking the working parameters into consideration in the future. Then the edge impurity behaviors with relation to different plasma confinement regimes, particularly for the ELM bursts, will be studied in detail.
Summary and outlook
A fast time response VUV_20 cm spectroscopic diagnostic has been developed by using a CEM as a detector for measuring the edge impurity line emissions in the HL-2A tokamak. The measurement system works well in the wavelength range of 300-2000 Å. A 1200 g mm −1 concave grating with Al-MgF 2 coating is adopted and the CEM is precisely installed at the exit slit port with an elaborately designed support. The spectral resolution of the system is 0.5 Å. The frequency of the data acquisition is 60 kHz and the corresponding time resolution is 17 μs. With blackened inner surface of the monochromator, the spectra with high S/N have been obtained with the VUV_20 cm system.
The wavelength calibration of the spectroscopic system has been done with a hollow cathode light source by using the helium and argon gases. The function of the wavelength in angstrom and in dial number is obtained during the wavelength range of 300-1600 Å. By using the profile of HeII (303.78 Å), the optical property of the spectroscopic system has been examined. The result indicates that the spectral resolution of the system is high enough for measuring the edge impurity line emissions in the VUV wavelength range.
The time behaviors of several impurity line emissions are investigated after the VUV_20 cm system is installed in the HL-2A device. The intensity of most typical line emissions in the wavelength range of 900-1500 Å is so strong that the attenuator with coefficient of C1 is generally needed in the data acquisition process in the HL-2A experiments. Then, the edge impurity behaviors in the H-mode with ELMs are investigated. The result indicates that the effect of ELM on the edge impurity line emissions can be clearly identified and the time response of those line emissions to the ELMs are similar with that of D α in the main plasma chamber. In the future, the frequency of the data acquisition will be increased to 1 MHz. It could expect 
